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The bulk tin selenide (SnSe) is the best thermoelectric material currently with the highest figure-
of-merit due to the strong phonon-phonon interactions. We investigate the effect of electron-phonon
coupling (EPC) on the transport properties of two-dimensional (2D) SnSe sheet. We demonstrate
that EPC plays a key role in the scattering rate where the constant relaxation time approximation
is deficient. The EPC strength is especially large in contrast to that of pristine graphene. The
scattering rate depends sensitively on the system temperatures and the carrier densities when the
Fermi energy approaches the band edge. We also investigate the magnetothermoelectric effect of
the 2D SnSe. It is found that at low temperatures there are enormous magnetoelectrical resistivity
and magnetothermal resistivity above 500%, suggesting the high potential for device applications.
Our results agree reasonably well with the experimental data.
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The thermoelectric effect which enables direct conver-
sion from waste heat to useful electricity offers a viable
route for power generation and green energy development
with no noise and free gas emissions [1]. The efficiency of
the thermoelectric conversion is dominated by a dimen-
sionless figure-of-merit [2–6]: zT = σS2T/(κe + κph),
where σ is the electrical conductivity, S is the Seebeck
coefficient, κe and κph are the electron and phonon ther-
mal conductivities, respectively, and T is the absolute
temperature. Obviously, an ideal thermoelectric material
should hold the electrical conductivity and the Seebeck
coefficient as high as possible but keep the thermal con-
ductivity as low as possible. In the past several decades
a variety of strategies including theory and experiment
have emerged. For example, one expects by modifying
the band structure [7] or by quantum confinement effect
[8–10] to enhance the Seebeck coefficient; On the other
hand, to reduce the lattice thermal conductivity, nanos-
tructuring the material is proposed [11–15]. Neverthe-
less, the interdependence of σ, S and κ complicates the
efforts for improving a material’s zT well above unity in
a broaden range of temperatures.
Tin selenide (SnSe), a simple compound consisting of
earth-abundant and nontoxic elements, can be derived
from a distortion of the rocksalt structure [16]. Recently
it was surprisingly found that single-crystal SnSe exhibits
a record high figure-of-merit zT = 2.6 at T = 923 K
along a specific crystallographic direction [17–19], releas-
ing a sign that it may cause a revolution in the field of
thermal energy conversion. The particularly high figure-
of-merit is attributed to the ultralow lattice thermal con-
ductivity originating from the phonon anharmonic effect
[17, 20, 21]. Li et al. [22] reported that the giant an-
harmonicity in SnSe stems from the bonding instabil-
ity which is determined by the long-range resonant Se
4p-orbitals coupled to the Sn 5s-orbitals. The orbital
interaction between the Sn and Se atoms suggests the
electron-phonon coupling (EPC) in this layered material
may not be negligible. Clarification of how EPC influ-
ences the transport characteristics of SnSe could not only
deepen the understanding of the interacting physical pic-
ture but also benefit us when designing novel devices in
future for thermoelectric applications.
In this Letter, we investigate the thermoelectric trans-
port properties of two-dimensional (2D) SnSe sheet by
taking into account the phonon scatterings. We employ
the deformation potential theory [23–25] to calculate the
EPC g-factor and then the electron scattering rates with
respect to different phonon modes. It is found that the
EPC strength in this 2D material is incredibly large in
contrast to that of the pristine or weakly-doped graphene
[26]. The total scattering rate is mainly contributed
by the longitudinal acoustic and optical phonon modes,
while the shear modes’ contributions compared to the for-
mer are almost negligible. Through tuning the working
temperatures and the carrier densities, we find that the
scattering rate varies intensively when the Fermi energy
is placed near the valence-band edges, indicating the de-
ficiency of the constant relaxation time approximation.
Based on the Boltzmann transport equations combined
with the density-functional theory (DFT) calculations,
we further investigate the thermoelectric coefficients in
the presence of magnetic field which is perpendicular to
the 2D SnSe plane [see Fig. 1(a)]. It is shown that there
are enormous magnetoelectrical resistivity and magne-
tothermal resistivity above 500% at low temperatures,
suggesting the high potential for device applications in
magnetic memory. Finally, we compare the theoretical
results with the experiments [17, 18] and find that they
are in reasonably good agreement.
Band structures. It is well-known that bulk SnSe is
an orthorhombic crystal which has two phases, i.e., the
low temperature Pnma phase and the high temperature
Cmcm phase, where the structure conversion via dis-
2placive atomic coordinates occurs at TC ≈ 750 K [17]. In
this work we are interested merely in the phase of T < TC
and the properties of SnSe near and above the phase
transition temperature were discussed systematically in
Refs. [22, 27–29]. Our attentions are concentrated on
the 2D SnSe sheet which was successfully synthesized
through a so-called one-pot method recently [30]. Fig-
ure 1(a) shows a top view of the single-layer SnSe sheet.
Different from graphene, the tin and selenium atoms are
not placed in the same plane. Instead, the 2D SnSe is
constructed by double atomic sub-layers with interlayer
distance h0 = 2.75 A˚ in the z direction perpendicular to
the 2D plane [see clearly from Fig. S1 of the supporting
information (SI)]. Along the x (horizontal) direction, the
adjacent atoms are bonded with a zigzag shape; While
along the y (vertical) axis, atoms are connected like an
armchair edge [see Fig. 1(a)].
Before performing the electronic energy band calcu-
lations, we relax the structure of the 2D SnSe initially
by using first-principle approach [31] as implemented
in Quantum Espresso package [32]. The generalized-
gradient approximation (GGA) which was parametrized
in the form of Perdew-Burke-Ernzerhof (PBE) [33]
for the exchange-correlation potential, together with
the projector-augmented wave (PAW) method [34], is
adopted. For the self-consistent potential and total en-
ergy calculations, the k-points of the first Brillouin-zone
are sampled by a 20 × 20 mesh [35]. As to the non-self-
consistent field calculations, we sample the k-points by a
150×150 mesh to obtain the energy bands and to achieve
the converged results in computation of the thermoelec-
tric transport coefficients (see below). The kinetic energy
cut-off for the plane wave basis set is chosen as 500 eV
[36]. The convergence threshold of energy is set to be
10−8 eV and the convergence threshold of force acting
on each atom is 10−4 eV/A˚. To avoid spurious interac-
tions between the replica of the 2D SnSe sheet introduced
by the periodic boundary condition, we have included a
vacuum gap larger than 15 A˚ in the out-of-plane, i.e.,
z-direction of the unit cell. After relaxation, we obtain
the lattice constants of the single-layer SnSe as a0 = 4.30
A˚ and b0 = 4.37 A˚ for the x and the y crystallographic
directions, respectively. Our optimized structure param-
eters are in excellent agreement with the previous report
[37].
Once we obtained the optimized geometrical structure
of the 2D SnSe, we could calculate the electronic energy
bands. Figure 1(b) shows a contour plot of the bands
of the 2D SnSe in the full irreducible first Brillouin-zone,
where the high symmetric points connected by solid lines
are depicted and will be used for the following calcula-
tions. We see clearly that there are four vertices with the
highest energy of the valence bands and each band ver-
tex closed to the Fermi energy is located in the vicinity
of either X (−X) or Y (−Y) points. Electrons near the X
and Y points will contribute principally to the transport
FIG. 1. (Color online) (a) Schematic illustration of a top
view of the single-layer SnSe sheet with ball-stick representa-
tion, where an enlarged 2× 2 supercell is presented, the gray
and the yellow atoms can stand for either tin or selenium
elements, and the magnetic field B for the study of magne-
tothermoelectric properties (see below) is perpendicular to
the principal plane; (b) DFT calculated band structure of the
full irreducible first Brillouin-zone and the high symmetric
points are labelled. We use a0 and b0 to denote the lattice
constants of the 2D SnSe in the x (Γ →X) and y (Γ →Y)
directions, respectively; (c) Energy band structure of the 2D
SnSe with respect to the high-symmetric lines shown in (b),
where the Fermi energy Ef is set as 0, 1© and 2© denote the
first and second valence bands for convenience in discussions.
We have also denoted the direct and indirect band gaps for a
comparison with the experiment (see main text); (d) Density
of states plotted as a function of electron energy which has
the same scale of (c).
(see below) since the other states are too far away from
the Fermi energy. A more intuitive result is shown in
Fig. 1(c), which plots the energy band as a function of
the high symmetric line shown in (b). It is found that the
first two valence bands 1© and 2© along the x and y direc-
tions are not precisely the same, indicating an anisotropic
characteristic. The electronic energy at the top of band
2© is slightly lower than that of the band 1©, which sug-
gests that at low temperatures the states belong to band
1© dominate the transport behavior. By checking the
conduction bands, we find that the direct band gaps near
the X and Y positions are Eg = 0.99 eV and Eg = 0.91
eV, respectively. The indirect band gap, however, for
this material corresponds to 0.88 eV. Our band structure
calculations are consistent with the previous theoretical
[37–40] and experimental results [17, 22, 30, 41] since we
3are aware that for this single-layer SnSe, the measured
indirect and direct band gaps are 0.86 eV and 1.1 eV,
respectively. The good agreement in band gap between
GGA-PBE and experiment to some extent is due to the
PAW potentials which capture the six valence electrons
of Se (4s24p4) and the four of Sn (5s25p2) properly.
From the band structures of SnSe we extract the den-
sity of states (DOS) as shown in Fig. 1(d), which presents
unambiguously the band gap range. Furthermore we find
that there is an obvious step at the maximum occupied
states, indicating a nearly linear energy dispersion in the
valance bands. By analyzing the projective density of
states (PDOS) for each component of SnSe [see Fig. S2
of SI], we notice that the valence bands 1© and 2© are
mainly determined by the Se atoms with the in-plane p-
orbitals, while the Sn components are responsible to the
low energy regime of the conduction bands. The behav-
ior can be easily understood from the chemical point of
view since Se is a donor of electrons and Sn is an acceptor
for SnSe.
Scattering rate with electron-phonon coupling. Based
on the DFT band structure calculations, we concentrate
here on the scattering effect of the single-layer SnSe sheet.
The electron scattering rate due to EPC is determined
by [42–46]
1
τk,Λ
=
Ω
2pih~
∫
BZ
d2k′ |gk,qΛ|
2 [NqΛδ(εk′ − εk − ~ωqΛ)+
(1 +NqΛ)δ(εk′ − εk + ~ωqΛ)]
1− f(εk′)
1 − f(εk)
×
(1− cosθkk′)
SΛ
(1)
where the integral takes over the whole first Brillouin-
zone (BZ); k (or k′) and q are the electron and phonon
momentum vectors, εk and ωqΛ are the electron band
energy and the phonon vibrational frequency at a spe-
cific mode, respectively; NqΛ = 1/(e
~ωqΛ/kBT − 1) and
f(εk) = 1/(e
(εk−µ)/kBT + 1) are the Bose-Einstein and
Fermi-Dirac distribution functions at equilibrium states
for a finite system temperature; ~ is the reduced Planck
constant, h = h0 + δ with δ = 2.73 A˚ for the consider-
ation of atomic bonding in the z direction, and Ω is the
volume of the SnSe unit cell; µ and kB are the chemical
potential and the Boltzmann constant, respectively; θkk′
describes the scattering angle between vectors k and k′;
Λ corresponds to the different phonon branches, while
the parameter SΛ = 1 if Λ corresponds to the acoustic
phonon branches and 0 if Λ for optical branches accord-
ing to Refs. [42, 47] due to the inelastic feature.
To calculate the electron scattering rate, we must know
the EPC strength gk,qΛ =
√
~
2ρΩωqΛ
Mk,qΛ in Eq. (1),
where the transition matrix is defined asMk,qΛ = eΛ(q)·〈
k+ q
∣∣∂He
∂R
∣∣k〉, ρ is the mass density, eΛ(q) is the polar-
ization vector for phonon branch Λ, He is the electronic
Hamiltonian and R is the atomic coordinate in the unit
cell of SnSe.
We employ the deformation potential theory to cal-
culate the EPC transition matrix Mk,qΛ. This method
is broadly used in the past for material’s performance
prediction and gives an extremely good fit of the exper-
imental results [23–25, 48]. We take into account the
phonon modes only at the Γ point since these modes
contribute mostly compared to the others in calculat-
ing the transport coefficients. For the acoustic and op-
tical phonon modes, we consider mainly the longitudi-
nal vibrational states, while the transverse mode’s con-
tribution according to Ref. [25] is much smaller than
that of the longitudinal ones. Therefore, the longitu-
dinal acoustic deformation potential Ξ is determined by
Mα = Ξα▽αuα, where α = x or y corresponding to the
crystallographic direction of the 2D SnSe and uα is the
atomic displacement. We calculate Ξx and Ξy by stretch-
ing the lattice of the 2D SnSe along the x and y direc-
tions, respectively. For the optical phonon modes, we
define Mα = Dαuα, where Dα is the optical deforma-
tion potential. We calculate Dα by shifting the Sn or Se
atomic coordinates slightly in the unit cell. As to the
shear modes, we define Mxy =
1
2Υxy(▽xuy + ▽yux) for
the acoustic shear deformation potential and then Υxy
is obtained by shearing the unit cell of the 2D SnSe.
While for the optical shear deformation potential, it is
defined by Mxy =
1
2Wxy(uxx + uyy). We calculate Wxy
by moving the Sn and Se coordinates of the upper and
lower sub-layers of the 2D SnSe in an opposite direction.
The distortion of the lattice creates a band shift which
is essential of the theory to calculate the deformation
potentials, and we present all the details for the prac-
tical implementation in the supporting information [see
Fig. S3].
Figures 2(a-d) show the k-dependent deformation po-
tentials of the 2D SnSe sheet in the first Brillouin-zone
for different phonon branches. We see that the longi-
tudinal acoustic (LA) deformation potential Ξx presents
two maximums at the vertices of the valence band 1©
near the Y and −Y points [see Fig. 1(c)]. As to Ξy,
it is also found that there are two maximums but lo-
cated near the X and −X points [see Fig. S4(a) in SI].
Regarding to the longitudinal optical (LO) deformation
potential shown in Fig. 2(b), the value compared to the
acoustic one at the valence band edges is relatively small.
By checking Dx and Dy, we find that the contour of the
k-dependent optical deformation potentials are quite dif-
ferent [see Fig. S4(b)], which is originated from the polar-
ization nature of the optical phonons. In Figs. 2(c) and
(d) we plot the deformational potentials corresponding
to the acoustic and optical shear (AS and OS) branches.
It is shown that the shear deformation potentials in con-
trast to the longitudinal Ξx and Ξy at the valence band
edges X (−X) and Y (−Y) are much small, in particular
for the OS branch. We shall see in the following that
4FIG. 2. (Color online) (a-d) k-dependence of the deformational potentials in the first Brillouin-zone for different phonon
branches: (a) Ξx, (b) Dx, (c) Υxy and (d) Wxy, where Ξx and Υxy are in unit of eV, Dx and Wxy in unit of eV/A˚; (e) and
(f) the scattering rates defined by Eq. (2) by taking the integrations over the conducting electrons for the single-layer SnSe,
where the dashed blue and green lines in (e) are the polynomial fitting (see main text) and the fitted parameters are listed in
Table I, the arrow in (f) corresponds to the vertices of the valance bands 1© and 2©. The inset in (e) shows the carrier density
as a function of system temperature for a given particle number N (see main text), and the inset of (f) shows the chemical
potential as a function of carrier density for temperature T = 300 K.
the shear mode’s contribution for transport is of little
significance and can be safely neglected.
Using the deformation potentials, we calculate the
scattering rates with Eq. (1) for different phonon
branches. To give a more intuitive picture of how EPC
influences the transport behavior of SnSe, we introduce
an average of the scattering rate by integrating over the
conducting electrons and so we define
〈
1
τΛ
〉
=
∫
BZ
∂f(εk)
∂εk
1
τk,Λ
d2k
/∫
BZ
∂f(εk)
∂εk
d2k (2)
where the denominator is a normalization factor and the
partial derivative of the Fermi-Dirac function guarantees
that only the states closed to the Fermi energy participate
in the integral. Therefore, the total scattering rate
〈
1
τtot
〉
=
〈
1
τLA
〉
+
〈
1
τLO
〉
+
〈
1
τAS
〉
+
〈
1
τOS
〉
(3)
by summing over all the phonon branches that we are
interested in.
Figure 2(e) shows the electron scattering rate in unit
of 1014 per second as a function of system tempera-
ture for different phonon branches of the single-layer
SnSe sheet. In calculations we have kept the particle
number N as a constant and then change the temper-
atures. Accordingly the carrier density is modulated
by resetting the Fermi level [see the inset]. We define
N = Ncrys − ∆ =
∫
∞
−∞
dεf(ε)DOS(ε)Ω, where Ncrys is
the fully occupied particle number of the perfect crystal
at zero temperature, and ∆ is a small quantity which
is added by taking into account the fact that in prac-
tice it is unavoidably to have some defects such as va-
cancies in the sample. We set ∆ = 3 × 1017cm−3Ω to
match with the experimental measurements [see Fig. S6].
In this work, we focus only on the hole transport while
the electron transport for conduction bands is not con-
cerned. Therefore, the hole carrier density is determined
by nH =
∫
∞
−∞
dε[1 − f(ε)]DOS(ε)/Ω. From Fig. 2(e) we
find that the scattering rates for all the phonon branches
increase with temperature. The scattering rates for LA
and LO are much higher than that of the shear branches,
demonstrating the case that the latter’s contribution to
transport compared to the former is negligible as we have
mentioned before. At low temperatures, it is shown that
the LA and LO branches contribute almost equally to the
transport. At high temperatures, however, the scattering
rate for LO becomes more significant.
5To see more clearly the temperature-dependence be-
havior of the scattering rates, we use a polynomial to
fit the data [see the dashed lines of Fig. 2(e)]. For
the LA phonon branch, it is found that we must use〈
1
τLA
〉
= 1τ0
∑p
i=0 ciT
i up to p = 2 to get well fitted,
where τ0 = 10
−14 second and ci is the fitted parame-
ter. At very low temperatures, the scattering rate can
be regarded as a constant. With increasing the tempera-
ture as T > 225 K, the linear temperature-dependence of
the scattering rate becomes important. When T > 500
K, the quadratic term starts to contribute. For the LO
branch, it is shown that we have to use the polynomial
until p = 4 to obtain the excellent agreement with the cal-
culations and the fitted parameters are listed in Table I.
The third-order and fourth-order, nevertheless, become
significant only when T > 600 K. The nonlinear depen-
dence of 1/τ on T should date back to Eq. (1) with the
Fermi-Dirac distribution function.
In Fig. 2(f) we plot the scattering rate versus the hole
carrier density, where we have set the system temperature
T = 300 K. The carrier density is given according to the
Fermi level or the chemical potential as shown in the in-
set and then the scattering rate is calculated. It is found
that
〈
1
τ
〉
for all the phonon branches at nH < 10
19cm−3
increases very slowly. This is because the chemical poten-
tial is too far away from the valence band edges. With in-
creasing the carrier density, the scattering rate undergoes
a tremendous enhancement and the transition happens at
nH ≈ 2 × 1020cm−3 (see the arrow), which corresponds
to µ at the vertices of the valence bands 1© and 2© [see
Fig. 1(c)]. With further increasing the carrier density,
we find again a rapid enhancement of the scattering rate
which is due to more and more valence bands participat-
ing in the transport. From the results we acquire that
one has to include the energy-dependence in computa-
tion of the relaxation time when the Fermi level is close
to the band edges. The intensively doping-level depen-
dence of the scattering rates indicates that the constant
relaxation time approximation in this 2D material is not
valid.
The origin of the increase of the scattering rate with
system temperatures can be understood from the EPC
strength. In Fig. 3(a) we plot |〈g〉|2 ×N as a function of
temperature, where 〈g〉 is calculated according to Eq. (2)
by simply replacing 1τΛ with gΛ. The equilibrium Bose-
Einstein distribution function N is multiplied to avoid
the singularity of the g-factor for LA and AS branches
TABLE I. Polynomial fitted parameters for the scattering
rates with respect to the LA and LO phonon branches.
c0 c1 (/K) c2 (/K
2) c3 (/K
3) c4 (/K
4)
LA 0.19 8.53× 10−4 4.02× 10−6
LO 10.11 -0.113 4.7× 10−4 -8.1× 10−7 5.1× 10−10
FIG. 3. (Color online) The EPC strength as a function of (a)
system temperature for a given particle number N and (b)
carrier density for temperature T = 300 K, where the equi-
librium Bose-Einstein distribution function N is multiplied
to avoid the singularity of the g-factor for acoustic modes.
The insets in (a) and (b) show the EPC strength of the LO
and LA branches. The symbols (circle, square, diamond and
triangle) with respect to different phonon branches have the
same meaning of Fig. 2(e).
since we consider phonons at the Γ point. In the inset
of Fig. 3(a) we plot 〈g〉 for LO and OS branches to see
directly the coupling strength. It is found that the EPC
strength for AS and OS is extremely small, approaching
zero. At low temperatures, the coupling strength for LO
and LA is quite close to each other with 〈g〉 ≈ 0.11 eV.
Nevertheless, with increasing the temperature as T > 600
K, the coupling strength for LO increases quickly and is
much higher than the value of LA branch, confirming that
at high temperatures the optical modes play dominant
role in the scattering. Figure 3(b) plots the EPC strength
of the 2D SnSe as a function of carrier density. Again we
observe that the shear modes’ contributions are small
enough. When the Fermi level is far away from the band
edges, the EPC strength is almost a constant for both LA
and LO branches. As µ closing to the valence band edges,
6the 〈g〉-factor varies slightly with the carrier density [see
the inset of Fig. 3(b)].
The obtained EPC strength of the 2D SnSe compared
to that of the pristine or weakly-doped graphene is quite
large, since the latter according to Ref. [26] has a very
small number (< 0.001) at the Dirac cone [49]. The large
EPC value is originated from the strong lattice vibration
coupled to the electronic states and can be understood
from the band shift of the distorted SnSe compared to
the perfect crystal. In Figs. S5(a) and (b) we plot the
band structures of the 2D SnSe by stressing the lattice
along the x and the y directions, respectively. It is found
that at the vertices of the valence bands 1© and 2©, an
obvious energy difference is presented.
It should be mentioned that in the above calculations
we have not included the impurity or defect scattering
which may be significant in a heavy doping semiconduc-
tor material. The system we considered here, however, is
a single-crystal 2D SnSe and we expect that the impurity
scattering is of little importance compared to EPC. Our
transport analyses confirm the case since the modelling
thermoelectric coefficients agree reasonably well with the
experimental data [see Fig. S6 of SI]. This research pro-
vides a simple and an efficient way to study the electron-
phonon scattering.
Magnetothermoelectric effect. The calculation of the
electron scattering rate motivates us to study the ther-
moelectric properties of the 2D SnSe sheet. We utilize
the Boltzmann transport equations to calculate the elec-
trical and thermal conductivities as well as the Seebeck
coefficient. The Lorentz function in the presence of mag-
netic field according to Ref. [50] is given by
Ln,αα =
∫
BZ
d2k
2hpi2
(
−
∂f(εk)
∂εk
)
τk(εk − µ)
n×
[
vkαvkαΠkα − sαvkαvkβΠkβeτkB/mkβ
] (4a)
Ln,αβ =
∫
BZ
d2k
2hpi2
(
−
∂f(εk)
∂εk
)
τk(εk − µ)
n×
[
vkαvkβΠkβ + sαvkαvkαΠkαeτkB/mkα
] (4b)
where Πkα = 1/[1 + (eτkB/mkα)
2
] and Πkβ = 1/[1 +
(eτkB/mkβ)
2
]; τk is the total relaxation time including
all the phonon branches considered above and we have
omitted the mode index for simplicity, B is the magnetic
field which has the direction of z axis [see Fig. 1(a)], α =
x and β = y or reversely; vkα is the group velocity which
is defined according to vkα =
∂εk
∂~kα
, mkα is the electron
effective mass determined by mkα = ~
2
/
∂2εk
∂k2α
, similarly
for vkβ and mkβ ; the sign function sα = 1 if α = x and
sα = −1 if α = y. The equation can be derived formally if
one takes that the Lorentz force deviates only the electron
path but not produces the drift on the charge.
Within linear response theory, using the Onsager re-
lations [51, 52], the electrical conductivity can be ex-
pressed in terms of the Lorentz coefficient as σ = e2L0,
where e is the magnitude of electron charge. The elec-
tric thermal conductivity is therefore determined by κe =
1
T
(
L2 − L0
−1L21
)
. Meanwhile, we have also defined the
electrical resistivity ρ = σ−1 and the thermal resistivity
r = κe
−1 for the discussion of the magnetothermoelectric
conversion (see below). As to the Seebeck coefficient, it
is given by S = − 1eT L0
−1L1 [53–55].
The validity of our transport calculations is checked by
making a comparison with the experiments for the ther-
moelectric coefficients of the 2D SnSe in the absence of
magnetic field. The results are shown in the supporting
information. Because of the lacking of the experiment in
2D SnSe, we adopt the data of the corresponding bulk
material from Refs. [17, 18] as a reference. Figures S6(a-
d) show the electrical conductivity, the electric thermal
conductivity, the Seebeck coefficient and the electronic
figure-of-merit zTe, respectively, where zTe = σS
2rT by
neglecting the phonon conduction. We have calculated
from n = 1 to n = 4, where n is the number of the atomic-
layers of the 2D SnSe. We have set the particle number
N as a constant as the same of Fig. 2(e). It can be seen
that all the thermoelectric coefficients at T < 500 K agree
reasonably well with the experimental data, although the
magnitudes are not precisely the same. The discrepancy
between our theory and the experiments should be ex-
pected. With increasing the number of atomic-layers, it is
noticed that the thermoelectric coefficients for n = 1, 2, 4
behave similarly with the increasing of T . In Figs. S6(e-
h) we discuss the case of the doped 2D SnSe and the
carrier density nH = 4× 1019cm−3 to be consistent with
the experiments. Again we find that our calculations are
in agreement with the measurements.
Finally we analyse the magnetothermoelectric proper-
ties of the 2D SnSe. Figures 4(a-c) show the electrical
resistivity ρ, the thermal resistivity r and the Seebeck
coefficient S, respectively, where the various colors rep-
resent different components of the corresponding phys-
ical quantities. In calculations we have set the system
temperature T = 100 K and the other parameters are
the same as Fig. 2(e). It can be seen that the diagonal
xx and yy components of the electrical resistivity change
slowly with B, while the off-diagonal Hall components in-
crease quickly. The negative value in ρyx indicates that
the charge transport along the opposite direction of our
defined crystal axis. For the thermal resistivity, we find
that r at small B changes slowly. Nevertheless, when
B > 30 Tesla, it behaves almost linearly [see Fig. 4(b)].
In Fig. 4(c) we plot the Seebeck coefficient versus the
magnetic field. It is shown that the Seebeck coefficient
is much less sensitive to B even at high magnetic field
regime. At low magnetic field, since (eτB/m) is almost
zero, the second term in Eqs. (4a, 4b) can be ignored.
Indeed, we observe the Hall resistivities ρxy and ρyx are
almost zero and ρxx and ρyy are nearly constants. Similar
happens for r. When B is large enough, (eτB/m) ≫ 1.
7FIG. 4. (Color online) (a) electrical resistivity, (b) thermal resistivity and (c) Seebeck coefficient as a function of magnetic field
B in unit of Tesla, where the different colors represent the diagonal (xx in blue and yy in black) and off-diagonal (xy in green and
yx in red) components of the corresponding quantities; (d-f) are the magnetoelectrical resistivity, magnetothermal resistivity
and magnetoseebeck coefficient of the single-layer SnSe, respectively. We have set the particle number N as a constant (see
main text) and the system temperature T = 100 K in the calculations.
ρxy and ρyx are proportional to B originating from the
second term of Eqs. (4a, 4b). As to the Seebeck coeffi-
cient, however, the linear dependence of S on B is can-
celled due to the definition.
To illustrate the efficiency of the magnetothermoelec-
tric conversion, here we define the magnetoelectrical re-
sistivity (MER), the magnetothermal resistivity (MTR)
and the magnetoseebeck coefficient (MS) according to
MER =
ρ(B 6= 0)− ρ(B = 0)
ρ(B = 0)
(5a)
MTR =
r(B 6= 0)− r(B = 0)
r(B = 0)
(5b)
MS =
S−1(B 6= 0)− S−1(B = 0)
S−1(B = 0)
(5c)
where S−1 is the inverse of the Seebeck coefficient. We
can see from Fig. 4(d) that the magnetoelectrical resis-
tivity increases exponentially with B. At B = 10 Tesla,
MER reaches up to 20% approximately. When B = 50
Tesla, MER ≈ 40% for yy component. In Fig. 4(e)
we show the magnetothermal resistivity as a function of
magnetic field. It is found that at B < 10 Tesla, MTR
varies slowly. Nevertheless, once B > 50 Tesla, MTR in-
creases sharply and MTR ≈ 500% at B = 80 Tesla. By
reducing the temperature, our calculations reveal that
MER and MTR can be further enhanced and the corre-
sponding results are shown in Fig. S7 [see SI]. We obtain
a quite large MER and MTR even at small B. The ori-
gin is that at low temperatures less scattering occurs and
magnetic field effect becomes obvious. In Fig. 4(f) we
plot the magnetoseebeck coefficient versus the magnetic
field. It is shown that MS increases slightly at the begin-
ning and then decreases with B. Although the ratio of
MS is not appreciable, the large MER and MTR suggest
a great potential for device applications of SnSe in the
field of magnetic memory.
In conclusion, we have employed the deformation po-
tential theory to investigate the effect of EPC on the
thermoelectric transport properties of 2D SnSe sheet. We
found: (i) the EPC strength in this 2D material is espe-
cially large in contrast to that of the pristine graphene;
(ii) the scattering rate depends intensively on the system
temperatures and the carrier densities when the Fermi
energy is close to the band edges, indicating the defi-
ciency of the constant relaxation time approximation.
The scattering rates as a function of temperature for
both acoustic and optical phonon modes can be fitted
excellently by a polynomial formula. The shear modes’
contributions for transport compared to the longitudinal
ones are negligible. Based on the Boltzmann transport
equations combined with the first-principle calculations,
we investigated the magnetothermoelectric effect of the
2D SnSe. It is shown that at low temperatures there are
enormous magnetoelectrical resistivity and magnetother-
mal resistivity which can be further enhanced by reduc-
ing the temperature. Our results compare reasonably
well with the experimental data. This study qualifies 2D
8SnSe as an outstanding EPC material and a compelling
magnetothermoelectric material. We expect that these
findings are beneficial for the future in the nano-device
applications.
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